American black bears, Ursus americanus, are seasonal breeders with a mating season in late spring to early summer. The objectives of this study were to determine whether there are seasonal changes in spermatogenesis and immunolocalization of testicular steroidogenic enzymes, and to correlate these changes with peripheral steroid concentrations. Three captive mature bears were maintained in open cages during the summer season and provided with chambers for denning during the winter. Testicular biopsies and blood samples were obtained from anaesthetized bears on 12 March, 15 June, 12 October and 15 January. Steroidogenic enzymes were immunolocalized using polyclonal antisera raised against bovine adrenal cholesterol side-chain cleavage cytochrome P450 (P450scc), human placental 3\g=b\-hydroxysteroiddehydrogenase (3\g=b\HSD),porcine testicular 17\g=a\-hydroxylase cytochrome P450 (P450c17) and human placental aromatase cytochrome P450 (P450arom). study demonstrates that in the black bear seasonal changes in spermatogenesis are accompanied by changes in the immunolocalization of testicular steroidogenic enzymes that are correlated with changes in serum testosterone and oestradiol concentrations. The presence of P450arom in Sertoli cells at the beginning of testicular recrudescence suggests that aromatase and oestrogen may play a role in re-initiating spermatogenesis.
Introduction
Mammals in temperate regions exhibit a seasonal cycle in reproduction with spermatogenesis and testicular steroidogenesis limited to a specific time of the year. Seasonal changes in testicular size and morphology and in peripheral testoster¬ one concentrations have been reported in numerous species including California ground squirrels Spermophilus beecheyi (Holekamp and Talamantes, 1991) , ferrets Mustela putorius furo (Neal et al, 1977) , fallow deer Dama dama (Asher and Peterson, 1991) , Cape Mountain zebras Equus zebra zebra (Penzhorn and van der Merwe, 1988) and Hawaiian monk seals Monachus schauinslandi (Atkinson and Gilmartin, 1992) . Further in¬ formation regarding seasonal changes in testicular function is available in an extensive review by Lincoln (1989) .
Bears in temperate regions also have a seasonal cycle of reproduction. The black bear, Ursus americanas, is a long day breeder with a mating season extending from May to July (Erickson and Nellor, 1964; Craighead et al, 1969; Ballard et al, 1982) . The testes regress in autumn before denning and begin Correspondence.
to recrudesce during midto late denning (Erickson and Nellor, 1964 Kanagawa, 1989; Horan et al, 1993) . Garshellis and Hellgren (1994) reported an increase in serum testosterone concentrations during late winter (February-March) supporting the idea that testicular function is re-initiated during denning. These seasonal changes in testicular size and serum testos¬ terone concentrations suggest significant changes in sperma¬ togenesis and testicular steroidogenesis. Tsubota et al. (1993) described the immunolocalization of steroidogenic enzymes in the testis of the Hokkaido brown bear, but only during the pre-mating season in April. Therefore, the aims of this study were: (1) to characterize seasonal changes in spermatogenesis;
(2) to determine the localization of steroidogenic enzymes in the testis during the mating and non-mating season; and (3) to determine whether immunolocalization of testicular steroid enzymes correlates with changes in serum testosterone and oestradiol concentrations.
Materials and Methods

Animals
Three sexually mature male black bears maintained at the Carle Foundation Bear Research Facility (Champaign County, IL) were used for this study. The facility is located outdoors and consists of a denning area connected to a large outdoor run where the bears can exercise freely. As a result, the bears experienced annual changes in daylight and temperature. Studies were approved by the Carle Medical Foundation Animal Care and Use Committee. Bears were fed commercial dog chow daily except during the denning period which extended from 13 October, 1992 to 12 March, 1993 Bears were anaesthetized with 5 mg Telozol " kg-1 (Fort Dodge Lab, Fort Dodge, IA) given intramuscularly. Bears were weighed and then blood samples were obtained from the femoral vein. Testicular size was expressed in mm3 and determined by measuring the length width height of each testis. Serum concentrations of urea and creatinine were determined using the methods of Nelson et al (1984) .
Testicular biopsies
Testicular samples were obtained under aseptic conditions by needle biopsy. Biopsy samples were collected on 15 January, 12 March, 15 June, and 12 October from each testis of each bear. The scrotal area was prepared aseptically for surgery, a small incision made, the biopsy needle inserted, a sample obtained and the incision sutured. Testicular tissues were immediately fixed in Bouin's solution.
Histology
Testicular biopsy samples were fixed in Bouin's solution for 3-4 h, dehydrated, embedded in paraplast, and 5 µ sections prepared. Sections, five per bear, were then stained with haematoxylin and eosin. Seminiferous tubules, ten per bear, were evaluated histologically using an Olympus photomicro¬ scope with a 40 objective lens. The movable cursor dot (approximately 0.1 µ in diameter) was used for measuring diameter. Jandel Scientific Sigma Scan -Image Analysis soft¬ ware (Jandel Scientific, Corte Madera, CA) and a Numonics Graphics Digitizer (Numonicus Corporation, Montgomeryville, PA) were used for processing measurements. The repeatability of measurements, expressed as a coefficient of variation for ten measurements, was 0.74% at 10 µ and 5.8% at 0.7 µ .
Immunocytochemistry
Paraffin was removed from testicular sections and they were incubated with 10% normal goat serum to reduce background staining caused by the secondary antibody. The sections were then incubated with primary antibody (1:500 or 1:1000) raised against bovine adrenal cholesterol side-chain cleavage cyto¬ chrome 450 (P450scc (Kitawaki et al, 1989) for immuno¬ localization of pregnenolone-, progestin-, androgen-and oestrogen-producing cells, respectively. Control sections were treated with normal rabbit serum in place of the primary antibody. Sections were incubated with a secondary anti¬ body conjugated to biotin and then processed with a rabbit ExtraAvidin staining kit (Sigma, St Louis, MO). Immuno¬ cytochemistry was performed in triplicate (three sections per testis per bear).
Steroid measurements
Serum samples were assayed for testosterone and oestrogen by radioimmunoassay as described by Palmer et al. (1988) .
Recovery of labelled testosterone and oestradiol (1000 c.p.m. per tube) added to serum before extraction was 83.2% and 84.4%, respectively. The crossreactivity of the antisera were reported by Bahr et al. (1983) . The testosterone and oestradiol radioimmunoassays for the black bear were previously vali¬ dated by column chromatography, parallelism and recovery of unlabelled ligand (Palmer et al, 1988) . Sensitivity of the testosterone and oestrogen assays was 8 pg per tube and 2 pg per tube, respectively. Intra-assay and interassay coefficients of variation were 7.7% (n = 5) and 13.3% (n -9) for testosterone and 5.7% (n = 6) and 11.5% (n = 9) for oestrogen.
Statistical analysis
Significant differences in body mass and urea:creatinine ratios were calculated using Student's f test. Statistical signifi¬ cance was tested to the 99% level (P < 0.01). Data are expressed as means, with variance expressed as standard deviation of the mean (mean ± sd). Values are means ± sd. Body mass, U:C ratios and testicular size are the means of observations from three bears. abMeans with different superscripts are significantly different (P< 0.01) using Student's t test. Fig. 1 . Seasonal changes in seminiferous epithelium of the black bear testis. (a) In October, spermatogonia (Spg) and degenerating spermatocytes (dSpc) were present in seminiferous tubules, (b) In January, spermatogonia and primary spermatocytes (pSpc) were present, (c) In March, seminiferous tubules contained spermatogonia, spermatocytes and round spermatids (rSpd). (d) In June, the entire spermatogenic population from spermatogonia to spermatozoa (Spz) was observed. Scale bars represent 30 µ . Fig. 2 . Immunolocalization of steroidogenic enzymes in the testis of the non-mating (a, e, e and g) (October) and mating (b, d, f and h) (June) black bear, (a, b) Control incubated with normal rabbit serum in place of primary antiserum, (c, d) Immunostaining for cholesterol side-chain cleavage cytochrome P450 (P450scc). Leydig cells (LC) in both October and June were positively immunostained. In June, weak immunostaining was present in spermatids (Spd) . (e, f) Immunostaining for 3 ß-hydroxysteroid dehydrogenase (3ßHSD). Immunostaining was present in Leydig cells (LC) in both June and October, (g, h) Immunostaining for 17a-hydroxylase cytochrome p450 (P450cl7).
Immunostaining was localized in spermatids (Spd) and Leydig cells (LC) in June and only in Leydig cells in October.
All sections were counterstained with haematoxylin. Scale bars represent 27 µ . 
Results
Body mass and ureaxreatinine ratio
Body masses (mean kg + SD) of the three active bears in June (190 ± 20) and October (203 ± 23) were significantly greater than those of the three denning bears in January (152 + 16) and
March (138 ± 11) (P < 0.01) (see Table 1 ). Indicative of meta¬ bolic denning, the serum ureaxreatinine ratio (mean U:C ± SD) decreased significantly during denning from values of 15.5 ± 6.4 and 20.3 ± 1.3 in June and October to values of 6.3 ±0.8 and 3.4 ± 1.2 in January and March (P<0.01) (see Table 1 ).
Testicular size, seminiferous tubule diameter and spermatogenesis
Testicular size and seminiferous tubule diameter changed seasonally with the largest values observed during the mating season in June (testicular size: = 364 mm ; seminiferous tubule diameter: = 199 µ ) and the lowest values during the non-mating season (testicular size in March: = 235 mm ; seminiferous tubule diameter in January: = 127 µ ) (see Table  Fig . 4. Seasonal changes in serum concentrations of testosterone in three male black bears. obtained in January, March, June and October. No specific staining was present in control sections when normal rabbit serum was substituted for the primary antibody ( Fig. 2a,b ). Seasonal changes in the immunolocalization of P450scc (Fig.  2c,d) and P450cl7 (Fig. 2g,h ) were very similar: these enzymes were present in both Leydig cells and spermatids in June during the mating season but only in Leydig cells in October during the non-mating season. Leydig cells stained positively for 3ßHSD in October and even more intensely in June (Fig. 2e,f) .
Localization of P450arom changed markedly with season.
P450arom immunostaining was absent in the regressed testis in October (Fig. 3a ) but present in Sertoli cells during the beginning of recrudescence in January (Fig. 3b ). As recrudes¬ cence continued in March, there was more extensive immuno¬ staining in Sertoli cells, peritubular-myoid cells and round spermatids (Fig. 3c ). The most extensive immunostaining was present in Sertoli cells and round and elongating spermatids ( Fig. 3d ) in June during the mating season. Observations were similar among all three bears.
Steroid hormone measurements
Serum testosterone concentrations showed seasonal changes (Fig. 4 ). Testosterone concentrations were lowest in October (range for three bears: 0.1-2.0 ng ml-1) and January (0.4-0.6 ng ml~' ), slightly higher in March (0.6-12.4 ng ml~: ) and high in June (12.4-63.2 ng ml" :). Seasonal changes in serum oestradiol concentrations were similar to those observed in serum testosterone concentrations (Fig. 5 ). Oestradiol concen¬ trations were low in October (range for three bears: 19-25 pg ml-1) and increased slightly in January (25-27 pg ml-). Oestradiol concentrations were higher in March (20-44 pg ml~: ) and further increased in June (44-70 pg ml~) .
Discussion
This is the first study to investigate the relationship between seasonal changes in spermatogenesis, testicular steroidogenic enzymes, and serum steroid profiles in black bears. The onset of spermatogenic activity was observed in January, the midto late denning period, as demonstrated by the reorganization (1964) reported enlarged seminiferous tubules in one bear obtained in April. Tsubota and Kanagawa (1989) observed active spermatogenesis in the brown bear in February.
Immunolocalization and staining intensity of the steroido¬ genic enzymes P450scc, 3ßHSD, P450cl7 and P450arom in the testis of the black bear changed seasonally. P450scc, 3ßHSD and P450cl7 were localized in Leydig cells in both June and October; however, the staining of 3ßHSD and P450cl7 in Leydig cells was more intense during the mating season than the non-mating season. These findings are similar to those observed in other species that exhibit seasonal reproduction in that the intensity of staining for testicular steroidogenic enzymes was most intense when the testes were fully active (Lincoln, 1989) . The immunocytochemical data reported here are also supported by in vitro studies of steroid synthesis in which tissue obtained from the regressed testis of the grey squirrel was less capable of synthesizing androgens from labelled C21 steroid precursors than from tissue obtained during peak reproductive activity (Pudney and Lacy, 1977) . In addition, our immunocytochemical data appear to correlate with the seasonal changes in peripheral testosterone concen¬ trations and reproductive activity in black bears, an observation similar to other species that exhibit seasonal reproduction.
Immunolocalization of P450arom changed markedly with season. The most interesting observation was the appearance of aromatase in Sertoli cells in January suggesting a role for oestrogen in re-initiating spermatogenesis during gonadal recrudescence. In the immature rat, oestrogen is produced by Sertoli cells and it may be important in controlling prepubertal sexual maturation (Dorrington and Armstrong, 1975; Dorrington et al, 1978; Rommerts et al, 1982; Tsai-Morris et al, 1985; Rosselli and Skinner, 1992) . The observation that changes in the seminiferous epithelium during sexual matura¬ tion paralleled those observed during recrudescence has allowed us to hypothesize that oestrogen may be important for the initiation of spermatogenesis in the seasonally breeding bear.
